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Abstract
The ground state properties including radii, density distribution and one neutron separation energy for C, N, O and F isotopes
up to the neutron drip line are systematically studied by the self-consistent microscopic Relativistic Continuum Hartree–
Bogoliubov (RCHB) theory. With the proton density distribution thus obtained, the charge-changing cross sections for C,
N, O and F isotopes are calculated using the Glauber model. Good agreement with the data has been achieved. The charge
changing cross sections change only slightly with the neutron number except for proton-rich nuclei. Similar trends of variations
of proton radii and of charge changing cross sections for each isotope chain is observed which implies that the proton density
plays important role in determining the charge-changing cross sections.
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Recent progresses in the accelerator and detection
techniques all around the world have made it possible
to produce and study nuclei far away from the stabil-
ity line—so-called “Exotic Nuclei”. Based on the mea-
surement of interaction cross section with radioactive
beams at relativistic energy, novel and entirely unex-
pected features appear: e.g., the neutron halo and skin
as the rapid increase in the measured interaction cross
sections in the neutron-rich light nuclei [1,2].
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Systematic investigation of interaction cross sec-
tions for an isotope chain or an isotone chain can pro-
vide a good opportunity to study the density distribu-
tions over a wide range of isospin [3,4]. However the
contribution from proton and neutron are coupled in
the measurement of interaction cross section. To in-
vestigate possible differences in proton and neutron
density distributions, a combined analysis of the in-
teraction cross section and other experiment on either
proton or neutron alone are necessary.
The charge-changing cross section which is the
cross section for all processes which result in a change
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of the atomic number for the projectile can provide
good opportunity for this purpose. In Ref. [5], the to-
tal charge-changing cross section σcc for the light sta-
ble and neutron-rich nuclei at relativistic energy on a
carbon target were measured. We will study σcc by
using the fully self-consistent and microscopic rela-
tivistic continuum Hartree–Bogoliubov (RCHB) the-
ory [6–8] and the Glauber Model in the present Letter.
The RCHB theory [6–8], which is an extension of
the relativistic mean field (RMF) [9–11] and the Bo-
goliubov transformation in the coordinate representa-
tion, has been used satisfactorily to describe lots of the
ground state properties for spherical nuclei [12,13],
and understand the pseudo-spin symmetry in finite nu-
clei [14,15]. A remarkable success of the RCHB the-
ory is the self-consistent reproduction of the halo in
11Li [7] and the prediction of giant halo [8]. In com-
bination with the Glauber model, the RCHB theory
successfully reproduces the interaction cross section
in Na isotopes [4]. These successes encourage us to
apply the RCHB theory to calculate the charge chang-
ing cross section of the C, N, O, F isotopes (ranging
from the β-stability line to the neutron drip line) on the
target of 12C reported in Ref. [5]. With the proton den-
sity of projectiles and total density of target provided
by RCHB theory, the total charge-changing cross sec-
tion can be calculated based on the Glauber model and
compared with the data directly [5], as was done in
Ref. [4], where total density both for projectiles and
target were used for the interaction cross section. Since
the theory used here is a microscopic one and basically
parameter free, we hope it provide us more reliable in-
formation on both the proton and neutron distribution.
The ground state properties of C, N, O and F iso-
topes up to neutron drip line are studied first, includ-
ing single neutron separation energies, density distrib-
utions and radii. Then the total charge-changing cross
sections will be calculated from the Glauber model
with the densities obtained from RCHB calculations.
The basic ansatz of the RMF theory is a Lagrangian
density whereby nucleons are described as Dirac
particles which interact via the exchange of various
mesons (the scalar sigma (σ ), vector omega (ω) and
iso-vector vector rho (ρ)) and the photon:
L= ψ¯(i/∂ −M)ψ + 1
2
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− 1
4
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(1)− gωψ¯/ωψ − gρψ¯/ρ τψ − eψ¯/Aψ,
where M is the nucleon mass and mσ (gσ ), mω (gω),
and mρ (gρ) the masses (coupling constants) of the
respective mesons. A self-interacting field U(σ) for
the sigma meson has been included. Equations of
motion for nucleon and mesons can be obtained from
L and solved consistently under the no-sea and mean
field approximation.
For a proper treatment of the pairing correlations
and a correct description of the scattering of Cooper
pairs into the continuum in a self-consistent way,
one needs to extend the present relativistic mean-field
approach to the RCHB theory [6–8]:
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where Ek is the quasi-particle energy and the coef-
ficients Uk(r) and Vk(r) are four-dimensional Dirac
spinors. h is the usual Dirac Hamiltonian
(3)h= [α · p + V (r)+ β(M + S(r))],
with the vector and scalar potentials V (r) and S(r)
provided by the meson fields as usual in a self-
consistent way. The chemical potential λ is adjusted
to the proper particle number.
The pairing potential ∆ in Eq. (2) is given by
(4)∆ab = 12
∑
cd
V
pp
abcdκcd .
It is obtained from the pairing tensor κ = U∗V T and
the interaction V ppabcd in the pp-channel. A density
dependent two-body force of the Skyrme type has
been used for V ppabcd in Eq. (4), the details can be found
in Ref. [6].
In the RCHB theory, the ground state |Ψ 〉 of
the even particle system is defined as the vacuum
with respect to the quasi-particle: βν |Ψ 〉 = 0, |Ψ 〉 =∏
ν βν |−〉, where |−〉 is the bare vacuum. For an odd
particle system, the ground state can be correspond-
ingly written as: |Ψ 〉µ = β†µ
∏
ν 
=µ βν |−〉, where µ is
the level which is blocked. The exchange of the qua-
siparticle creation operator β†µ with the corresponding
annihilation operator βµ means the replacement of the
column µ in the U and V matrices by the correspond-
ing column in the matrices V ∗, U∗ [16]. That is we can
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take into account the blocking effect by exchanging
the corresponding column in the matrices V ∗ and U∗.
In the present calculations, we follow the proce-
dures in Ref. [4,6,8] and solve the RCHB equations in
a box with the size R = 20 fm and a step size of 0.1 fm.
The parameter set NL–SH [17] is used, which aims at
describing both the stable and exotic nuclei. The den-
sity dependent δ-force in the pairing channel is used
for all studied nuclei with strength V0 = 600 MeV fm3
and nuclear matter density ρ0 = 0.152 fm−3. It has
been shown in Ref. [6] that a variation of V0 by 10%
only brings a negligible change in ground state proper-
ties, such as the total binding energy, and the rms radii.
The contribution from continua is restricted within a
cut-off energy Ecut ∼ 120 MeV.
Systematic calculations with RCHB theory has
been carried out for the C, N, O and F isotopes.
The one neutron separation energies Sn predicted by
RCHB and their experimental counterparts [18] for the
nuclei 11–22C, 13–24N, 15–26O and 17–29F are shown in
Fig. 1 as open and solid circles, respectively. As it can
be seen, for most of the nuclei studied here, the RCHB
calculations reproduce the data quite well although a
few discrepancies exist.
For the nitrogen isotopes, excellent agreement has
been achieved from the neutron-deficient side to the
neutron drip line. The correct dripline nuclei is pre-
dicted. For carbon isotopes, the theoretical one neu-
tron separation energies Sn for 11–18,20,22C are in good
agreement with the data. For 19C which is bound ex-
perimentally, the calculated Sn is very delicately un-
bound (−0.003 MeV). While for the unbound nucleus
21C, the calculated Sn is slightly bound. Except the
well-known difficulty for the mean field approaches to
reproduce the unbound 25,26O, the RCHB calculations
agree well with the data for 15–24O. The present cal-
culation gives the binding energies of 1d5/2, 2s1/2 and
1d3/2 as −7.541, −4.087, and −0.8066 MeV in 24O
and −8.042, −4.795, and −1.874 MeV in 26O. Al-
though the splitting between 1d5/2 and 1d3/2 is more
than 6 MeV, still this splitting is not big enough and
the orbit 1d3/2 is ∼ 1 MeV bound. That is the reason
why 26O and 28O are bound.
For fluorine isotopes, the calculated Sn in 17F
and 26–29F are overestimated in contrast with the
underestimated one in 18F. The present calculation
presents unbound orbits 1f7/2, 2p1/2, and 2p3/2 with
the energies 3.231, 3.974, and 2.673 MeV in 29F.
Fig. 1. The one neutron separation energies Sn for the nuclei 11–22C, 13–24N, 15–26O and 17–29F by RCHB theory (open circles) and their
experimental counterparts (solid circles).
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Although the orbit 2p3/2 goes below 1f7/2, it is still
in the continuum. Therefore there is no bound fluorine
isotopes with A > 30. In general, the RCHB theory
reproduces Sn data well considering that this is a
microscopic and almost parameter free model.
The proton density distributions predicted by RCHB
for the nuclei 10–22C, 12–24N, 14–26O and 16–29F are
given in Fig. 2 in logarithm scale. The change in the
density distributions for each isotopes chain in Fig. 2
occurs only at the tail or in the center part. The den-
sity is multiplied by a factor 4πr2 before an integra-
tion in order to get proton number or radii, therefore
the change of density in the central region does not
matter very much. What important is the density dis-
tribution in the tail part. Compared with the cases of
neutron-rich isotopes, the proton distribution of nuclei
with less N has higher density in the center, lower den-
sity in the middle part (2.5< r < 4.5 fm), a larger tail
in the outer part (r > 4.5 fm) which gives rise to the
increase of rp and σcc for the proton rich nuclei as will
be seen in following figures.
The neutron and proton rms radii predicted by
RCHB for the nuclei 10–22C, 12–24N, 14–26O and 16–29F
are given in Fig. 3. The neutron radii for nuclei
in each isotope chain increase steadily. While the
corresponding proton radii remains almost constant
with neutron number for nuclei in each isotope chain
except for proton rich ones.
The charge-changing cross sections σcc is calcu-
lated by using the Glauber model which is based on
the individual nucleon–nucleon collisions in the over-
lap volume of the high energy colliding nuclei. In the
framework of this model, the nucleus–nucleus reaction
cross section can be obtained from nucleon–nucleon
reaction cross section. Consider the collision of a pro-
jectile nucleus P on a target nucleus T when the nuclei
P and T are situated at an impact parameter b relative
to each other. The total reaction cross section can be
written as
(5)σ = 2π
∫
bdb
(
1− T (b)),
where T (b) is the transparency function describing
the probability that the projectile will pass through the
target without interacting. T (b) is given by
T (b)= exp
[
−σNN
∫
ρP (bP , zP ) dbP dzP
× ρT (bT zT ) dbT dzT
(6)× t (b− bP + bT)
]
,
Fig. 2. The proton density distributions predicted by RCHB for the nuclei 10–22C, 12–24N, 14–26O and 16–29F in logarithm scale.
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Fig. 3. The neutron and proton rms radii predicted by RCHB for the nuclei 10–22C, 12–24N, 14–26O and 16–29F.
Fig. 4. The total charge-changing cross sections σcc of the nuclei 10–22C, 12–24N, 14–26O and 16–29F on a carbon target at relativistic energy.
The open circles are the result of RCHB and the available experimental data are given by solid circles with their error-bars.
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where σNN in the nucleon–nucleon reaction cross
section taken from Ref. [19]. The profile function t (b)
for the NN scattering is taken as delta function. The
density calculated from RCHB theory is used here,
e.g., ρP (bP , zP )= ρP (rP ) with r2P = b2P + z2P . Since
we are interested in the charge-changing cross section
only, the proton density from RCHB calculations for
the projectile is used for ρP (bP , zP ) and the total
density from RCHB calculations for the target is used
for ρT (bP , zP ).
The total charge-changing cross sections σcc of the
nuclei 10–22C, 12–24N, 14–26O and 16–29F on a carbon
target at relativistic energy are given in Fig. 4. The
results of the Glauber model are represented by open
circles and available data [5] by solid ones with their
error-bars. It is seen that the agreement between the
calculation and the measurement is fine.
The charge changing cross sections change only
slightly with the neutron number except for proton-
rich nuclei. This indicates that the proton density plays
important role in determining the charge-changing
cross sections σcc. A gradual increase of the cross
section can be observed towards the neutron drip line.
However, the big error bars of the data cannot help
to conclude anything here yet. Future experiments
near the proton or neutron drip line will provide
more information on these nuclei and further check
for the model used here. It is shown clearly that
the RCHB theory, when combined with the Glauber
model, can provide reliable description for not only
interaction cross section but also charge changing
cross section. From comparison between Figs. 3 and 4,
one finds similar trends of variations of proton radii
and of charge changing cross sections for each isotope
chain which implies again the important role that
proton plays in determining the charge-changing cross
sections.
Summarizing our investigations, the ground state
properties for C, N, O and F isotopes have been sys-
tematically studied with the microscopic RCHB the-
ory. The calculated one neutron separation energies Sn
are in good agreement with the available experimental
values for the most cases. A Glauber model calculation
for the total charge-changing cross section has been
carried out with the density obtained from the RCHB
theory. A good agreement was obtained with the mea-
sured cross sections for studied nuclei with 12C as a
target. Another important conclusion here is that, con-
trary to the usual impression, the proton density dis-
tribution is less sensitive to the neutron number along
the isotope chain. Instead it is almost unchanged from
stability to the neutron drip-line.
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